ABSTRACT: A 28-d experiment was conducted using 45 crossbred barrows with an average initial BW of 9.5 kg and age of 35 d to evaluate low-phytate barley (LPB) mutants (M) M422, M635, and M955, which were hulled, near-isogenic progeny of the normal barley (NB) Harrington and had 47, 66, and 80% less phytic acid, respectively, than NB. A hull-less LPB, M422-H, which was not near-isogenic to the other cultivars, was also evaluated. Apparent nutrient balance, bone measurements, and growth performance were the response criteria evaluated. The barrows were fed the diets to appetite in meal form in individual metabolism crates. Barley and soybean meal were the only sources of phytic acid. Dietary protein supplementation and ME/kg were equalized in all diets. The treatments were diets containing NB, M422, M635, or M422-H without or with added inorganic P (iP), or M955 without added iP. Diets with added iP contained 0.30% available P (aP), the same concentration of aP provided by the diet containing M955 without added iP. There were linear increases (P ≤ 0.02) in ADG, G:F, metacarpal and radius bone strength, and fat-free dry weight, and in the absorption and retention (g/d and % of intake) of P and Ca with increasing dietary concentration of aP from the near-isogenic cultivars NB, M422, M635, or M955 without added iP. There were linear decreases in the grams (P ≤ 0.02) and percentages (P < 0.001) of P and Ca excreted per day with increasing dietary concentra-
INTRODUCTION
About 70% of the P in barley is bound in the form of phytic acid or phytate (myo-inositol hexakis-dihydro-961 tion of aP without added iP. There were no responses for N or energy balance. Growth performance and bone response criteria did not differ for barrows fed the diet containing M955 or the near-isogenic diets containing NB, M422, or M635 with added iP. However, barrows fed the diet containing M955 had greater (P ≤ 0.02) percentages of P, N, and energy absorption and retention, Ca absorption, and DM digestibility and had less (P ≤ 0.02, g/d and %) excretion of P, N, energy, and Ca (g) per day than barrows fed the diets containing the near-isogenic NB or LPB cultivars with added iP. When dietary aP was equalized with iP, the excretion of P in feces plus urine (g/d) was reduced by 20.2, 27.9, and 44.6%, respectively, in barrows fed the diets containing M422 + iP, M635 + iP, or M955 compared with barrows fed the diet containing NB + iP. Energy utilization did not differ for barrows fed the diets containing hulled or hull-less LPB when ME/kg was equalized with lard. In conclusion, the apparent utilization of P and Ca, the bone strength and fat-free dry weight, and growth performance increased with increasing dietary concentration of aP provided by LPB, in association with linear decreases in P and Ca excretion. Barrows fed the diet containing M955 also had greater utilization and less excretion of P, Ca, N, energy, and DM than barrows fed the diets containing the near-isogenic NB or LPB cultivars with added iP to equalize aP at 0.30%. gen phosphate; Maga, 1982; Reddy et al., 1989; Lott et al., 2000) . The enzyme phytase is required for phytate digestion in the small intestine, and swine produce little to no intestinal phytase (Pointillart et al., 1984 (Pointillart et al., , 1987 Crenshaw, 2001) . Although some microbial hydrolysis of phytate does occur in the hindgut of the pig (Leytem et al., 2004; Angel et al., 2005) , and variable amounts of P and Ca are absorbed from the cecum and colon (Partridge, 1978; Liu et al., 2000) , swine excrete most of the phytate P in their manure (Cromwell and Coffey, 1991; Veum et al., 2001 Veum et al., , 2002 . However, P absorption may be increased and P excretion reduced in swine by supplementation of low-P plant ingredient-based diets with an effective phytase enzyme product (Harper et al., 1997; Liu et al., 1998; Veum et al., 2006) .
The development of low-phytic acid grains (Larson et al., 1998; Raboy et al., 2001; Dorsch et al., 2003) and soybeans (Wilcox et al., 2000; Hitz et al., 2002; Oltmans et al., 2005) has the potential to increase nutrient absorption and reduce nutrient excretion of minerals such as P and Ca among nonruminant animals and humans globally. Barley is climate tolerant and may be grown from the subarctic to the subtropical regions, and it ranks fourth in grain production globally (US Grains Council, 2006) .
The objectives of this experiment were to evaluate 3 hulled, mutant, low-phytic acid barley (LPB) cultivars that have decreased concentrations of phytic acid and are near-isogenic progeny of a hulled, normal barley (NB) cultivar, and to evaluate a hull-less LPB compared with the corresponding hulled LPB. Apparent nutrient absorption, nutrient excretion, bone breaking strength, and growth performance were the response criteria evaluated.
MATERIALS AND METHODS

Animals and Housing
This experiment was approved by the University of Missouri Animal Care and Use Committee.
Forty-five crossbred, Yorkshire-Landrace-Duroc barrows with an average BW of 9.5 ± 0.3 kg and age of 35 ± 1 d were allotted to 9 treatments in a completely random design in a 28-d experiment. The barrows were placed in individual, elevated, solid-walled, stainlesssteel metabolism crates (floor space: 1 replication with 0.7 m 2 , 3 replications with 0.9 m 2 , and 1 replication with 1.3 m 2 /pig) equipped with stainless-steel nipple drinkers, feeders, and woven wire or slotted flooring, with 5 replications per treatment. The room temperature was maintained at 26°C (range of 25.4 to 26.6°C) during wk 1 with thermostatically controlled heaters and exhaust fans, and lowered by 1°C each week thereafter, with 15 h of light beginning at 0600. The barrows were fed the air-dried diets in meal form to appetite twice daily (0730 and 1600).
Barley Cultivars and Dietary Treatments
The barley cultivars studied in this experiment were produced at the National Small Grains Germplasm Research Facility (Aberdeen, ID) and transported to the University of Missouri. The NB was the hulled cultivar Harrington that was homozygous for the "wild-type" alleles of the phytic acid genes, and produced grain with normal concentrations of phytic acid. The mutant (M) LPB cultivars M422, M635, and M955 were isolated in the cultivar Harrington (Dorsch et al., 2003) and are near-isogenic variants of Harrington that produced grains with approximately 47, 66, and 80% less phytic acid, respectively, than NB (Table 1) . The hulled barley M422 is homozygous for the low phytic acid 1-1 allele of the barley low phytic acid 1 gene, whereas M635 is homozygous for the low phytic acid 3-1 allele of the barley low phytic acid 3 gene (Larson et al., 1998; Roslinsky et al., 2007) . The gene and allele identity of the hulled M955 has not been determined. A hull-less LPB was produced by crossing M422 with a hull-less line derived from the cultivar Phoenix, producing hull-less M422 (M422-H). Because of the crossing required to remove the hulls, M422-H is not near-isogenic with the hulled LPB and NB cultivars.
The barley cultivars and soybean meal (SBM) were the only sources of phytic acid in the diets (Table 2) . Diets 1 to 4 contained the near-isogenic cultivars NB (control), M422, M635, and M955, respectively, in order of increasing concentration of available P, without added inorganic P (iP). Available P (aP) was calculated by subtracting the analyzed concentration of phytic acid P from the analyzed concentration of total P (tP). Diet 4 contained M955 and provided 0.30% aP without supplemental iP. Therefore, diet 4 supplied adequate aP for the barrows during wk 2 to 4 of this experiment. Diets 5 to 7 contained NB, M422, or M635, respectively, with added iP from monosodium phosphate (diets NB + iP, M422 + iP, and M635 + iP, respectively) to equal the aP concentration in the diet containing M955. Diet 8 contained M422-H without added iP, and diet 9 contained M422-H with added iP (M422-H + iP; 0.30% aP).
Protein ingredient supplementation was equalized across all dietary treatments to standardize the biological value and the addition of phytate from SBM. Therefore, dietary CP ranged from 19.11 to 20.52% among treatments (Table 2 ). Crystalline AA supplementation was used to meet the essential AA requirements. Dietary Ca was equalized at approximately 0.6% across all treatments, 0.1% below the NRC (1998) requirements at the beginning of the experiment. Dietary Ca was lowered in the experimental diets to avoid the negative effects of a wide range of Ca:P ratios on pig growth performance (Lei et al., 1994; Cromwell et al., 1995; Qian et al., 1996) , bone development (Nielsen et al., 1971) , and the digestibility of P and other nutrients (Liu et al., 1998; Johnston et al., 2004) . Therefore, the Ca:tP ratios were 1.2:1 and 1.5:1 for the diets with or without iP supplementation, respectively. Metabolizable energy was equalized at 3.34 Mcal/kg (calculated basis) by increasing lard (at the expense of barley) from 1.51% in the diets with hull-less barley (diets 8 and 9) to 6.30% in the diets with hulled barley (diets 1 through 7).
Measurements
Barley Cultivar and Diet Analysis. Before diet formulation, stocks of the barley cultivars and SBM (Table  1 ) and the spray-dried whey and spray-dried blood cells used in the experimental diets were sampled and analyzed in triplicate for proximate analysis components Calculated by subtracting phytic acid P from total P.
(AOAC, 1990), GE by oxygen bomb calorimetry (Parr Instrument Co., Moline, IL), and complete AA (Benson and Patterson, 1971) . The samples were hydrolyzed under N with 6 N HCl for 24 h at 110°C before AA analysis was performed by automated cation-exchange chromatography. Analysis for cystine and methionine involved performic acid oxidation before hydrolysis. Tryptophan was determined by the method of Spies and Chambers (1949) . Triplicate samples of the above ingredients plus monosodium phosphate and ground limestone were digested using a wet ash procedure (AOAC, 1990) . The digests were analyzed for the concentrations of tP by the molybdovanadate colorimetric method (Spectra Rainbow Microplate Reader, Tecan, Inc., Durham, NC) and for the concentrations of Ca by atomic absorption spectrophotometry (Spector AA-30, Varian Analytical Instruments, San Fernando, CA). Subsamples of the barley cultivars and SBM were analyzed in triplicate for phytic acid P, as described by Raboy et al. (2000) . Subsamples of the barley cultivars were analyzed in sextuplet for endogenous phytase activity, as described by Zyla et al. (2002) . Endogenous phytase activity averaged 285 ± 15 units/kg for all of the barley cultivars, with no relationship between endogenous phytase activity and aP (or phytic acid) concentration of the barley cultivars. The analyzed nutrient values of the ingredients (calculated values for ME) were used to formulate the experimental diets. After the diets were mixed, all of the diets were sampled and analyzed in triplicate, as previously described, for P, Ca, N, GE, and DM, and for Cr 2 O 3 (AOAC, 1990) by atomic absorption spectrophotometry.
Animal and Bone Measurements. Feed consumption of individual barrows was determined weekly and for d 22 to 26 for apparent nutrient balance. The barrows were weighed at the beginning and end (d 0 and 28) of the test. On d 28, the barrows were killed (stunned by captive bolt followed by exsanguination). The right front foot and elbow of each pig was removed and stored at 2°C in a plastic bag. The third metacarpal and radius bones were excised and cleaned of all adhering tissue within 3 d for bone size and weight measurements, and for the determination of breaking strength and ash weight. A caliper (Model CDS6, Mitutoyo Corp., Kawasaki, Japan) was used to measure the metacarpal and radius bone lengths and the midshaft widths at the narrowest and widest points. Breaking strength of the fresh bones was determined using an Instron testing machine (Model TML, Instron Corp., Canton, MA), similar to the procedure described by Crenshaw (1986) . Force was applied to the center of the bone, which was held by 2 supports spaced 3.0 cm apart. After determination of the breaking strength, the bones were wrapped with cheesecloth, boiled in deionized water for 2 h, dried at 55°C for 24 h, and extracted with ethyl ether for 4 d. Ash weight was determined after the fatfree bones were dried at 55°C and 100°C for 18 and 2 h, respectively, and ashed in a muffle furnace at 600°C for 16 h (AOAC, 1990).
Apparent Nutrient Balance. Diets contained 0.05% Cr 2 O 3 at the expense of barley as an indigestible indicator. Fecal samples (about 100 g of DM without feed contamination) and total urine collections were made twice daily from d 22 to 26. Fecal samples were stored in plastic freezer bags. Urine was collected in plastic pails containing 30 mL of 6 N HCl. The total urine volume was recorded, and 10% was saved in 1-L, widemouthed, screw-capped plastic bottles. Fecal and urine Calculated by subtracting phytic acid P from total P.
7
Calculated by using NRC (1998) values. samples were immediately frozen at −20°C until analyzed. Each pig crate, fecal collection screen, and urine collection pail was washed immediately after collection.
The 5-d fecal collections for individual barrows were thawed, pooled, mixed, and dried in an oven at 55°C for 48 h. The dried fecal samples and samples of each diet were ground to pass a 1-mm screen (Wiley mill, model No. 4, Arthur H. Thomas Co., Philadelphia, PA). The 5-d urine collections for individual barrows also were thawed, mixed, and subsampled for analysis. The feed, fecal, and urine samples were analyzed in triplicate using the analytical procedures previously described for analyzing the barley cultivars. The analyzed diet values were used to determine the apparent balance of P, Ca, N, and energy, and the digestibility of DM.
Statistical Analysis
All data were analyzed by ANOVA as a randomized complete block design (Snedecor and Cochran, 1989) using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). Individual barrows were the experimental units. The preplanned, single df comparisons were the linear and quadratic responses for diets 1 to 4 (NB, M422, M635, and M955, respectively), and the comparisons of diet 4 vs. diets 5 + 6 + 7 (M955 vs. the near-isogenic diets NB + iP, M422 + iP, and M635 + iP, respectively, all with 0.30% aP), diet 2 vs. diet 8 (M422 vs. M422-H), and diet 9 (M422-H + iP) vs. diets 4 + 5 + 6 + 7, all with 0.30% aP. Significance was reported at P ≤ 0.05, with a trend at P > 0.05 and P ≤ 0.10. As-fed basis.
RESULTS
Growth Performance and Bone Characteristics
There were linear increases (P ≤ 0.02) in ADG, G:F, and the breaking strength and fat-free dry weight of the metacarpal and radius bones with increasing dietary concentrations of aP in the diets containing NB, M422, M635, or M955, respectively, all without added iP (Tables 3 and 4). In addition, there were linear increases in the metacarpal (P ≤ 0.08) and radius (P ≤ 0.05) bone ash weight and length with increasing dietary concentrations of aP from these cultivars without added iP. There were no differences in the growth performance or bone measurement response criteria for barrows fed the diet containing M955 with 0.30% aP and barrows fed the diets containing the near-isogenic barley cultivars NB, M422, or M635 with added iP to provide 0.30% aP. For the diets containing M422 or M422-H (diet 2 vs. diet 8, respectively, both without added iP), barrows fed the diet containing M422 tended to have a greater (P = 0.06) G:F than barrows fed the diet containing M422-H. Barrows fed the diet containing M422-H + iP (diet 9) had a lower (P ≤ 0.03) ADG and G:F than barrows fed the other barley diets containing 0.30% aP (diets 4 + 5 + 6 + 7), whereas barrows fed these diets were not different in metacarpal or radius bone strength or other bone measurements. There were no treatment comparison differences for the metacarpal or radius bone midshaft widths taken at the narrowest (11.4 ± 0.4 and 10.4 ± 0.4, respectively) or widest (13.6 ± 0.4 and 16.3 ± 0.6, respectively) points (data not provided).
Apparent P, Ca, and N, and Energy Balance and DM digestibility
There were linear increases in the apparent absorption and retention of P (P < 0.001) and Ca (P ≤ 0.02) in grams per day and as percentages of intake with increasing dietary concentrations of aP in the diets containing NB, M422, M635, or M955, respectively, without added iP (Tables 5 and 6 ). In addition, there were linear decreases in the grams of fecal P (P < 0.001) and Ca (P ≤ 0.02) excreted per day, and in the percentages (P < 0.001) of P and Ca excreted (feces plus urine) with increasing dietary concentrations of aP from these cultivars without added iP. There were no linear responses for N and energy balance (amounts/d or as % of intake) or the percentage of DM digestibility, although there were quadratic responses (P ≤ 0.10) for grams of fecal N and kilocalories of urinary energy excreted daily.
Barrows fed the diet containing M955 consumed and excreted fewer (P < 0.001) grams of P per day, fewer (P ≤ 0.02) grams of Ca and N per day, and fewer (P = 0.01) kilocalories of energy per day than barrows fed the diets containing the near isogenic cultivars NB, M422, or M635 with added iP to provide 0.30% aP. Expressed as a percentage of intake, the absorption and retention of P, N, and energy; the absorption of Ca; and DM digestibility were greater (P ≤ 0.02) for barrows fed the diet containing M955 than for barrows fed the diets The linear and quadratic contrasts included diets 1 to 4 that contained normal barley, Mutant 422, Mutant 635, or Mutant 955, respectively, without added inorganic P (iP). Diet 4 provided 0.30% available P (aP) without added iP. Diets 5, 6, and 7 contained normal barley, Mutant 422, or Mutant 635, respectively, with added iP to provide 0.30% aP. Diet 8 contained hull-less Mutant 422 without added iP. Diet 9 contained hull-less Mutant 422 with added iP to provide 0.30% aP. containing NB, M422, or M635 with added iP to provide 0.30% aP. In addition, the percentages of P, N, and energy excreted (fecal + urinary) were less (P ≤ 0.02) for barrows fed the diet containing M955 than for barrows fed the diets containing NB, M422, or M635 with added iP to provide 0.30% aP.
Barrows fed the diet containing M422 tended to retain more (P = 0.07) grams of N per day and excrete fewer grams of fecal P (P = 0.10) and urinary N (P < 0.001) per day than barrows fed the diet containing M422-H (diet 2 vs. diet 8, respectively). Expressed as a percentage of intake, P absorption and retention were greater (P ≤ 0.06) and P excretion (fecal + urinary) was less, and N retention was greater (P < 0.001) and N excretion was less for barrows fed the diet containing M422 than for those fed the diet containing M422-H.
Barrows fed the diet containing M422-H + iP retained more (P = 0.05) grams of P and excreted fewer (P = 0.05) grams of urinary Ca, and barrows absorbed and retained less (P ≤ 0.02) N (g/d and % of intake) than those fed the diets containing M955, NB + iP, M422 + iP, or M635 + iP (diet 9 vs. diets 4 + 5 + 6 + 7, all with 0.30% aP). Even though barrows fed the diet containing M422-H + iP consumed, absorbed, and retained fewer (P = 0.01) kilocalories of energy per day than barrows fed the other diets with 0.30% aP, the percentages of energy absorbed, retained, and excreted were not different for barrows fed these diets.
DISCUSSION
This experiment demonstrated that the linear reduction in phytic acid P (or linear increase in aP) in the diets containing the LPB cultivars without added iP resulted in linear increases in ADG, G:F, bone strength, bone fat-free dry weight, and the apparent absorption and retention of P and Ca (g/d and % of intake). Thacker et al. (2003 Thacker et al. ( , 2004 ) also found linear increases in the apparent digestibility (%) of P by finishing pigs fed diets containing LPB with decreasing concentrations of phytic acid. There were no linear increases in N and energy balance (g/d or %) or DM digestibility in the current experiment, which is in agreement with 2 LPB experiments with finishing pigs (Thacker et al., 2003 in which the digestibility coefficients of DM, N, and GE were not increased by decreasing the phytic acid concentration in LPB.
In the current experiment, barrows fed the diet containing M955 did not differ in growth performance, bone strength, or other bone measurements from barrows fed diets containing the near-isogenic cultivars NB, M422, or M635 with added iP to provide 0.30% aP, the same concentration of aP provided by the diet containing M955 without added iP. Diets with 0.30% aP met the NRC (1998) aP requirement for the barrows from wk 2 to 4 of this experiment. This indicates that the reduction in phytic acid did not have a negative effect on any other nutritional factors in these mutant LPB cultivars, which is in agreement with our previous experiment with young pigs (Veum et al., 2002) in which diets that contained LPB or NB were equal in nutritional value when both diets were equalized in aP by adding iP to the NB diet.
In the current experiment, barrows fed the diet containing M955 without added iP also had greater per- centages of apparent P, N, and energy absorption and retention, and greater percentages of Ca and DM absorption than barrows fed diets containing the nearisogenic cultivars with added iP to provide 0.30% aP. These results indicate that the utilization of most nutrients is increased by decreasing the concentration of phytic acid in barley-based diets fed to young pigs. In an experiment with young pigs in which barley was the only source of dietary phytate (Veum et al., 2002) , the absorption and retention of Ca (g/d and as a % of intake) and energy utilization (DE and ME as a % of intake) were greater for pigs fed diets containing LPB than for those fed NB diets.
In the current experiment, the energy utilization of barrows fed diets containing hulled or hull-less LPB did not differ, because the Mcal of ME/kg of diet was equalized for all diets by adjusting the concentration of added lard. However, in experiments with finishing pigs in which the dietary energy concentration was not equalized, the digestibility coefficients for energy were greater for pigs fed the diets containing hull-less barley compared with those fed hulled barley (Thacker et al., 2003 .
A major nutritional or environmental result of feeding diets containing LPB with increasing aP was the significant reduction in P excretion, even when the diets The linear and quadratic contrasts included diets 1 to 4 that contained normal barley (NB), Mutant (M) 422, M635, or M955, respectively, without added inorganic P (iP). Diet 4 provided 0.30% available P (aP) without added iP. Diets 5, 6, and 7 contained NB, M422, or M635, respectively, with added iP to provide 0.30% aP. Diet 8 contained hull-less M422 without added iP. Diet 9 contained hull-less M422 with added iP to provide 0.30% aP. containing M422 or M635 were supplemented with iP to meet the aP requirement. Fecal plus urinary excretion of P in grams per day was reduced by 44.6, 27.9, and 20.2% in barrows fed diets containing M955, M635 + iP, or M422 + iP, respectively, compared with barrows fed the diet containing NB + iP when iP was added to equalize aP at 0.30%. This indicates that the reduction in P excretion is directly proportional to the reduction in phytic acid in the mutant barley. However, all the barley mutants were effective in reducing P excretion, even when small amounts of added iP were required in the diets containing M422 or M635 to provide 0.30% aP. Therefore, selecting the LPB with the most desirable agronomic characteristics for commercial development will greatly reduce P excretion regardless of the mutant cultivar chosen. Other experiments have also found greater apparent digestibility coefficients (%) for finishing pigs fed LPB compared with finishing pigs fed NB (Thacker et al., 2003 .
In another experiment in which barley mutants were evaluated in diets fed to young pigs, P excretion (g/d, feces plus urine) was reduced by 16 and 55%, respectively, by LPB in fortified barley-SBM or semipurified diets compared with NB (Veum et al., 2002) . The higher apparent digestibility coefficients for pigs fed the diets containing LPB in the current experiment are within the range of values reported for young pigs (Veum et al., 2002) and finishing pigs (Thacker et al., 2003) . Replacing NB with LPB in poultry diets also increased P availability (Li et al., 2001b) and reduced P excretion in poultry waste (Li et al., 2001a) . Low-phytate corn was also effective in increasing P availability and reducing P excretion compared with normal corn in diets fed to swine (Spencer et al., 2000; Veum et al., 2001; Xavier et al., 2004) and poultry (Li et al., 2000) .
The future development of low-phytate grains (Rasmussen and Hatzack, 1998; Raboy et al., 2001; Dorsch et al., 2003) and low-phytate soybeans (Wilcox et al., 2000; Hitz et al., 2002; Oltmans et al., 2005) has the potential to greatly increase P utilization and reduce P excretion in diets fed to young poultry and swine. Low-phytate grains and soybeans will have a major impact on improving nonruminant animal and human nutrition globally because the genetically transmitted low-phytate trait is present in the grain at harvest. Therefore, no dietary supplements or grain processing is required to utilize this nutritional benefit, plus they have the added environmental benefit of greatly reducing P pollution (Raboy, 2001 ). Diets containing low-phytate grains and low-phytate oilseed meals may also be pelleted without any negative effect on the low-phytate trait. However, plant breeding requires a long-term effort that may be delayed by many potential genetic and agronomic problems, such as maintaining acceptable crop yields and the need to breed the low-phytate trait into other phytate-containing plant feed ingredients.
Supplementation of grain-oilseed meal diets with a commercially produced phytase enzyme product is an established and practical approach available to increase P utilization and reduce P excretion in diets fed to growing swine (Liu et al., 1997 (Liu et al., , 1998 Veum et al., 2006) and poultry (Ledoux et al., 1995; Augspurger and Baker, 2004; Onyango et al., 2005) . Practical limitations of using a phytase product are the losses in phytase enzyme activity that occur when the diets are pelleted because of the heat generated, and the gradual loss of phytase activity that occurs during diet storage, with the loss of enzyme activity dependent upon the stability characteristics of the specific phytase product used (Jongbloed and Kemme, 1990; Coelho, 1996a; Silversides et al., 2004) . To prevent the losses of enzyme activity that occur during pelleting, a liquid phytase enzyme product may be sprayed on the pellets immediately after pelleting during the cooling and drying procedure (Coelho, 1996b; Kapp and McKnight, 1996) . The use of a phytase enzyme product in combination with a low-phytate grain may also have nutritional and environmental applications in specialized feeding situations (Xavier et al., 2003 (Xavier et al., , 2004 .
In conclusion, the apparent utilization of P and Ca; bone strength, bone fat-free dry weight and ash weight; and growth performance increased with increasing dietary concentrations of aP provided by low-phytic acid barley, with linear decreases in P and Ca excretion. Pigs fed the diet containing M955, the mutant with the highest percentage of aP, had greater utilization and less excretion of P, Ca, N, energy, and DM than pigs fed diets containing the near-isogenic NB, M422, or M635 cultivars with supplemental iP to equalize aP at 0.30%. There were no differences in energy utilization by pigs fed diets with hulled or hull-less LPB when the ME/kg of diet was equalized by adjusting the addition of lard.
Commercial development of low-phytic acid barley cultivars for feeding swine will increase the utilization and decrease the excretion of phosphorus and calcium in swine waste. The diet containing the low-phytic acid mutant barley with the lowest concentration of phytic acid met the available phosphorus requirement of the barrows in this experiment without supplemental inorganic phosphorus, and the barrows fed that diet had greater utilization and less excretion of phosphorus, calcium, nitrogen, energy, and DM than barrows fed one of the other diets containing a near-isogenic lowphytic acid mutant or normal barley supplemented with inorganic phosphorus to provide the same concentration of available phosphorus. Compared with normal barley, diets containing the low-phytic acid mutant barley cultivars reduced phosphorus excretion by 20.2 to 44.6%. This environmental benefit will contribute to the sustainability of swine production worldwide.
